ABSTRACT The ontogeny of two endogenous substrates for cyclic AMP-dependent protein kinase (ATP:protein phosphotransferase; EC 2.7.1.37) has been studied in rat and guinea pig cerebrum. These endogenous substrates, referred to as proteins Ia and Ib, have been shown in other studies to be specific to nervous tissue and to be enriched in the synaptic membrane and synaptic vesicle fractions of adult brain. In the present study, proteins Ia and lb were shown to increase markedly during the time of major synaptogenesis in rat cerebrum and guinea pig cerebrum, in which the morphological development of synapses is predominantly postuatal and prenatal, respectively. Similar results were obtained either by measuring endogenous phosphorylation of proteins Ia and lb in the synaptic membrane fraction or by measuring phosphorylation of extracted proteins Ta and lb with added protein inase. Phosphorylation of synaptic membrane proteins has been proposed as a mechanism for mediation or modulation of synaptic transmission (1). Synaptic 10 sec at 300, and the reaction was terminated by the addition of 50 Ml of a "sodium dodecyl sulfate (NaDodSO4)-stop solution," containing 6% NaDodSO4, 6% 2-mercaptoethanol, 15% glycerol, and a small amount of bromphenol blue, in 0.2 M Tris-HCI (pH 6.7). This mixture was boiled for 3 min, and aliquots (50 Al) were subjected to NaDodSO4/polyacrylamide slab gel electrophoresis, as described (3). In order to improve the resolution of proteins Ia and Tb, we modified the NaDodSO4/ polyacrylamide gels from those formerly described (3) so that they contained 6% acrylamide/0. 16% N,N'-methylenebisacrylamide in the separation gel and 3% acrylamide/0.08% N,N'-methylenebisacrylamide in the stacking gel. To improve resolution of these proteins further, we used longer (17 cm) separation gels.
development of synapses is predominantly postuatal and prenatal, respectively. Similar results were obtained either by measuring endogenous phosphorylation of proteins Ia and lb in the synaptic membrane fraction or by measuring phosphorylation of extracted proteins Ta and lb with added protein inase. Phosphorylation of synaptic membrane proteins has been proposed as a mechanism for mediation or modulation of synaptic transmission (1) . Synaptic membrane fractions from mammalian brain have been found to contain three peptides whose endogenous phosphorylation is markedly stimulated by cyclic AMP (2, 3) . These peptides, designated protein Ia, protein lb, and protein II, have different tissue distributions. Proteins Ta and Tb, collectively designated protein I, have been found exclusively in neural tissue (2, 3) , whereas protein II, or a protein II-like protein, has been found in all mammalian tissues examined (4) . Additional studies in our laboratory have been aimed at characterizing proteins Ta and Tb and studying their possible relationship to synaptic structure and function. In the present investigation, we have examined the time course of development of proteins Ta and Tb in rat and guinea pig cerebrum in relation to synaptogenesis in these species. A preliminary report of these results has been presented (5) .
METHODS
Male Sprague-Dawley rats were obtained from Charles River Laboratories, Wilmington, MA. Hartley guinea pigs of both sexes were obtained from High Oak Ranch Ltd., Toronto, ON, Canada. Fetal guinea pigs (male and female) of various gestational ages were delivered from pregnant females. Gestational ages were verified by the weight-age relationship established previously (6) .
Cyclic AMP and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes) were obtained from Sigma; 3-isobutyl-1-methylxanthine (iBuMeXan) from Aldrich; collagenase (form III) from Advance Biofactures Corp.; acrylamide and N,N'-methylenebisacrylamide from Polyscience; and N,NN',N'-tetramethylethylenediamine and Kodak X-Omat (XR-1) film 10 sec at 300, and the reaction was terminated by the addition of 50 Ml of a "sodium dodecyl sulfate (NaDodSO4)-stop solution," containing 6% NaDodSO4, 6% 2-mercaptoethanol, 15% glycerol, and a small amount of bromphenol blue, in 0.2 M Tris-HCI (pH 6.7). This mixture was boiled for 3 min, and aliquots (50 Al) were subjected to NaDodSO4/polyacrylamide slab gel electrophoresis, as described (3) . In order to improve the resolution of proteins Ia and Tb, we modified the NaDodSO4/ polyacrylamide gels from those formerly described (3) so that they contained 6% acrylamide/0. 16% N,N'-methylenebisacrylamide in the separation gel and 3% acrylamide/0.08% N,N'-methylenebisacrylamide in the stacking gel. To improve resolution of these proteins further, we used longer (17 cm) separation gels.
Extraction of Protein I. Rat or guinea pig cerebra were homogenized in 9 vol of ice-cold distilled water at 900 rpm in a glass-Teflon homogenizer. The homogenates were centrifuged at 150,000 X g for 30 min to obtain the total particulate fraction. The (1978) neutralization, referred to as the "extract," was used for assay of protein I. Repetition of the extraction procedure did not significantly increase the total amount of protein I obtained. An important aspect of the pH 3.0 extraction procedure was that it inactivated any protein I kinase and protein I phosphatase activity that might have been present in the protein I extract (data not shown).
Solubilization of Cyclic AMP-Dependent Protein Kinase from Synaptic Membranes. Fractions from bovine cerebral cortex, enriched in synaptic membranes, corresponding to fractions M-1(0.9) and M-1(1.0) of De Robertis et al. (8), were prepared and pooled. Protein kinase was solubilized from the synaptic membranes, as described (9), by treating the membranes with 0.25% Triton X-100 in the presence of 0.2 mM dithiothreitol for 30 min at 00. The preparation was then centrifuged at 150,000 X g for 30 min, and the clear supernatant was used as the source of protein I kinase for standard assay of protein I. This protein kinase preparation did not contain any extracted protein I. It was established in preliminary experiments that the Triton-extracted protein kinase gave the same maximal phosphorylation of protein I as that obtained using protein kinase purified through step 4 of the procedure of Uno et al. (11) . When the conditions described for homogenization of brain tissue and for extraction and assay of protein I were used, the amount of phosphorylated protein I present in the extract was proportional to the amount of total protein used for the extraction (Fig. 1) . When the amounts of proteins Ta and Tb were measured individually, they were each found to be proportional to the amount of total protein used for extraction (data not shown).
Coliagenase Digestion of [32PJPhosphoprotein L Extracted protein I was phosphorylated by using the standard assay conditions. At the end of the S-min incubation, 20,ul of collagenase (containing 100 units of activity dissolved in 25 mM Tris-HCl, pH 7.4/80 mM CaCl2) was added and the incubation was continued for an additional 2 hr. NaDodSO4-stop solution (50 ,l) was then added to the sample and electrophoresis was carried out as described above. In the experiments with collagenase, the neutralization step after protein I extraction was (Fig.  2) . With the synaptic membrane fraction from adult rat cerebra, the modified, high-resolution gel electrophoresis system Neurobiology: Lohmann et al. used permitted the separation of five proteins whose endogenous phosphorylation was markedly stimulated by cyclic AMP. These proteins included a high molecular weight protein (approximately 300,000 molecular weight), proteins la and Tb, and two proteins in the protein II region of the gel, designated proteins Ila and Ilb. Adult guinea pig cerebra contained the same proteins as rat cerebra, except that protein II migrated as a single protein.
The endogenous cyclic AMP-dependent phosphorylation of proteins in the cerebra from newborn rats and guinea pigs was compared with that observed in adult animals. In cerebra from newborn rats, the high molecular weight protein and proteins Ia and lb were barely detectable, whereas proteins Ha and IIb were already present and, in fact, were present in somewhat greater amounts than in adult rat cerebra. Cerebra from newborn guinea pigs contained the same amounts of the phosphorylated protein bands (the high molecular weight protein, proteins Ia and Tb, and protein IT) as were found in cerebra from adult guinea pigs (Fig. 2) .
Since the endogenous phosphorylation of substrate proteins in the synaptic membrane fraction (Fig. 2) (3) . The results of collagenase treatment of extracts from the total particulate fraction of newborn and adult rat brain indicated that essentially all phosphoprotein in the region of protein I was converted to fragment D (Fig. 4) .
The amount of protein I in rat cerebrum is shown as a function of age in Fig. 5 . Both proteins Ia and lb increased markedly between 10 and 30 days postnatally, reaching maximal levels at about 30 days. In contrast, proteins Ia and lb in guinea pig cerebrum began a marked increase at 55 days of gestation and reached a near-maximal level within 4 days postnatally (Fig.   6 ).
The increase in protein I in rat and guinea pig cerebrum correlates with the morphological development of synaptic structures in these two species. Electron microscopy of brain tissue that has been selectively stained with phosphotungstic acid for visualization of synapses has demonstrated that the number of synapses in various regions of the rat brain increases markedly between 1 and 4 weeks postnatally (13) (14) (15) (16) . Synaptic vesicles have been shown to increase with a time course similar to that for synaptic membranes (16) . In contrast to rat, the most rapid increase in the number of synaptic junctions in guinea pig cerebral cortex has been shown to occur during the last days of gestation and the first week of life (17) . The predominantly prenatal and postnatal synaptogenesis, in the guinea pig and rat cerebrum, respectively, is reflected in the general neurological maturity of these two species at birth. The rat is born with limited mobility and with its eyes closed, whereas the guinea pig is born essentially completely functional and with its eyes open. Our studies, demonstrating that the increase in protein I in brain occurs concomitantly with synapse formation in both rats and guinea pigs, support the possibility that phosphorylation of protein I by cyclic AMP-dependent protein kinase may be important in the physiology of the synapse.
Recent studies of the membrane-bound protein kinase that phosphorylates protein I indicate that it is present predominantly in neurons, as is protein I. This protein kinase is already present at maximal levels in newborn rat brain and fetal guinea pig brain (unpublished data), suggesting that the kinase is not rate limiting in the endogenous phosphorylation of protein I.
Other evidence recently obtained supports the conclusion that protein I is a neuronal protein localized in the synaptic complex. Injection, into rat corpus striatum, of kainic acid, a substance that selectively destroys neurons whose cell bodies are near the site of injection, causes an extensive (75-80%) depletion of the amount of protein I in that tissue (18) . This evidence for the neuronal localization of protein I has been extended to the subcellular level by fractionation and immunocytochemical studies (unpublished data), which suggest that this protein is associated primarily, if not exclusively, with synaptic structures such as synaptic membranes, postsynaptic densities, and synaptic vesicles. In conclusion, the developmental pattern for protein I observed in the present study agrees with the proposed synaptic location of this protein and is consistent with the hypothesis that cyclic AMP-dependent phosphorylation of protein I may be important for certain of the events involved in the physiology of synaptic transmission. 
